The anaerobic spore-former, Clostridioides difficile, causes significant diarrheal disease 27 in humans and other mammals. Infection begins with the ingestion of dormant spores 28 which subsequently germinate within the host gastrointestinal tract. Here, the vegetative 29 cells proliferate and secrete two exotoxins, TcdA and TcdB, which cause disease 30 symptoms. Although spore formation and toxin production are critical for C. difficile 31 pathogenesis, the regulatory links between these two physiological processes are not 32 well understood and are strain-dependent. Previously, we identified a conserved C. 33 difficile regulator, RstA, that promotes sporulation initiation through an unknown 34 mechanism and directly and indirectly represses toxin gene transcription in the historical 35 isolate, 630Δerm. To test whether perceived strain-dependent differences in toxin 36 production and sporulation are mediated by RstA, we created an rstA mutant in the 37 epidemic 027 ribotype strain, R20291. RstA affects sporulation and toxin gene 38 expression similarly in R20291, although more robust regulatory effects are observed in 39 this strain than in 630Δerm. Reporter assays measuring transcriptional regulation of 40 tcdR, the sigma factor essential for toxin gene expression, identified sequence-41 dependent effects influencing repression by RstA and CodY, a global nutritional sensor,
phenotypes observed in distinct isolates. As the leading cause of antibiotic-associated diarrhea, Clostridioides difficile resides in 64 the mammalian gastrointestinal tract, where disease symptoms are mediated by the viable cells (spores plus vegetative cells). A spo0A mutant (MC310) was used as a 163 negative sporulation control. Statistical significance was determined using a two-tailed 164 Student's t-test comparing each mutant to its isogenic parent.
165
Phase contrast microscopy. At the same time cells were harvested for sporulation 166 assays, as described above, an aliquot was removed from the anaerobic chamber, 167 pelleted and suspended in ~10 μl of supernatant. As detailed previously (39), the 168 concentration culture was applied to a 0.7% agarose pad on the surface of the slide and 169 imaged using a x100 Ph3 oil immersion objective on a Nikon Eclipse Ci-L microscope 170 with a DS-Fi2 camera.
171
Quantitative reverse transcription PCR analysis (qRT-PCR). C. difficile was grown in 172 either TY medium, pH 7.4 or on 70:30 sporulation agar, as described above. Cells were 173 harvested from TY at T4, defined as four hours after the entry into stationary phase, or 174 from 70:30 sporulation agar at H 12 , defined as 12 hours after spotting onto the plates.
175
Cells harvested from TY were mixed with either 3 ml ice cold ethanol:acetone (1:1), or 176 cells were scraped from plates and suspended in 6 ml ice-cold water:ethanol:acetone 177 (3:1.5:1.5) and stored at -80C. RNA was purified and DNase-I treated (Ambion) as 178 previously detailed (19, 39, 40) , and cDNA was synthesized using random hexamers 
209
Alkaline phosphatase (AP) activity assays. Briefly, C. difficile strains were grown in 210 TY medium, pH 7.4, and harvested at H 24 for the PtcdR fusions or grown on 70:30 211 sporulation agar and harvested at H 8 for the PrstA fusions (13). AP assays were 212 performed as previously detailed (42), in the absence of chloroform. Technical 213 duplicates were averaged, and the results are provided as the mean and standard error 214 of the mean of at least three biological replicates. Either the two-tailed Student's t-test 215 was used to compare the activity in the rstA mutant to the parent strain or one-way 216 ANOVA followed by Dunnett's or Tukey's multiple comparisons tests were performed, as 217 indicated in the figure legends.
218

RESULTS
219
RstA positively influences R20291 sporulation. To assess the contribution of RstA in 220 controlling sporulation and toxin production in phenotypically diverse C. difficile strains,
221
we attempted to create null rstA mutations in R20291, an epidemic RT012 isolate, VPI 222 10463 (ATCC 43255), a high toxin-producing RT087 strain, and 5325, representing the 223 non-motile, agriculturally-associated 078 ribotype. To accomplish this, we used 224 constructs that were previously successful in the 630 background to generate either a 225 nonpolar rstA mutation via the CRISPR/cas9 system or an insertional disruption within 226 the coding region of rstA (13, 18 ). An rstA mutant, in which the entire open reading 227 frame was deleted, was generated in R20291 and confirmed by PCR ( Fig. S1, S2A ).
228
Despite the absence of reports that VPI 10463 accepts DNA (11), we were able to 229 successfully conjugate exogenous DNA into VPI 10463 using a previously published 230 heat shock method (43). However, these strains grew poorly and did not survive on 231 plates longer than 48 h, resulting in few viable colonies throughout screening and/or 232 selection and no detectable rstA mutants. Multiple 5325 rstA mutants were identified 233 upon initial screenings, but this deletion was not stable after a single passage in any tested condition. Both VPI 10463 and 5325 were used throughout the rest of this study, 235 as VPI 10463 is frequently used in laboratory settings and in the mouse model of C.
236
difficile infection (44-48), and 5325 represents an emerging, clinically-relevant ribotype 237 with unique characteristics (49, 50) .
238
The amino acid sequence of RstA is identical in 630Δerm, R20291, and VPI 10463, and 239 only a single residue substitution is present in 5325 (V371I), suggesting that RstA 240 function is highly conserved in these C. difficile strains. As RstA promotes the initiation of 241 sporulation in 630Δerm (18), we asked whether RstA exerts the same effect in strain 242 R20291. Sporulation was measured after 24 h of growth on 70:30 sporulation agar by 243 enumerating ethanol-resistant spores and viable vegetative cells, and by phase contrast 244 microscopy. As expected, sporulation frequency was reduced ~27-fold in the R20291
245
rstA mutant compared to the R20291 parent ( Fig. 1A) , indicating that RstA retains 246 similar regulatory function in sporulation in 630Δerm and R20291. The rstA mutation was 247 complemented by integrating the rstA allele driven by its native promoter onto the 248 chromosome via Tn916 (51, 52; Fig. S2B ), and the sporulation frequency in this strain 249 was increased to greater than wild-type levels ( Fig. S2C) . VPI 10463 exhibited a 250 relatively low sporulation rate of 6.3%, while we observed a robust sporulation frequency 251 of 79.4% in 5325 ( Fig. 1A) .
252
To further probe the effect of RstA on sporulation initiation in C. difficile, we measured 253 transcript levels of the Spo0A-dependent gene, sigE, which encodes an early-stage 254 sporulation-specific sigma factor, using qRT-PCR ( Fig. 1B) . Relative expression of sigE 255 in each strain mirrored the sporulation frequencies observed, indicating that RstA exerts 256 its regulatory effect on the early stages of R20291 sporulation, as previously observed in 257 630Δerm (18).
RstA inhibits toxin gene expression and production in R20291.
RstA directly 259 represses tcdA, tcdB, tcdR and sigD transcription in 630Δerm (13). The direct inhibition 260 of two toxin gene activators, TcdR and SigD, as well as the direct repression of the toxin 261 genes, results in a robust regulatory network that tightly controls toxin production (13).
262
To determine whether RstA regulates toxin production in R20291, we first measured
263
TcdA and TcdB protein levels present in TY culture supernatants after 24 h of growth via 264 ELISA. As anticipated, toxin levels were increased approximately 11-fold in the 630Δerm 265 rstA mutant compared to its isogenic parent and were approximately 15-fold greater in 266 the R20291 rstA mutant compared to its parent strain ( Fig. 2A) . Supernatant toxin levels 267 in the R20291 rstA Tn916::rstA complemented strain returned to wild-type levels ( Fig. 2A) .
271
To examine the amount of toxin within cells, western blot analysis were performed and 272 TcdA protein levels were measured after 24 h of growth in TY medium. The western blot 273 results indicated that the 630Δerm rstA mutant had greater levels of TcdA relative to the 274 parent strain, as previously observed (13, 18) . R20291 cells contained approximately 275 half the total amount of toxin than was found within 630Δerm cells (Fig. 2B) . The
276
R20291 rstA mutant had a modest increase in TcdA toxin levels compared to R20291, 277 and this effect was restored to wild-type level in the complemented strain ( Fig. S2E) .
278
These data suggest that the majority of toxin synthesized by R20291 is secreted into the 279 supernatant, whereas a lower ratio of the total 630Δerm toxin is located extracellularly.
280
There was ~2.6-fold greater TcdA protein observed in VPI 10463 cells, while the 5325 281 cells had ~4-fold less TcdA protein, compared to strain 630Δerm (Fig. 2B) .
To verify that RstA affected toxin production through regulation of toxin gene expression, 283 we measured tcdA, tcdB and tcdR transcript levels from cultures grown in TY medium at 284 T 4 , which corresponds to four hours after the cultures enter stationary phase, using qRT-285 PCR (Fig. 2C) . As previously noted, tcdA, tcdB and tcdR transcript levels were 286 increased ~15 to 30-fold in the 630Δerm rstA mutant compared to the 630Δerm parent 287 (13; Fig. 2C ). Similar to the TcdA/TcdB ELISA results, the 630Δerm rstA mutant and the 288 R20291 strain had comparable levels of tcdA transcript; however, R20291 had greater 289 transcript levels tcdB and tcdR. Transcript levels for all three tcd genes were increased 290 ~9-12-fold in the R20291 rstA mutant compared to its isogenic parent, although more 291 variability was observed in the R20291 rstA mutant than in all other strains. VPI 10463 292 exhibited greater toxin gene expression than R20291, as previously observed in other 293 conditions (22, 23). Of note, the R20291 rstA mutant had greater toxin gene expression 294 than VPI 10463 ( Fig. 2C) , suggesting that R20291 is capable of producing high levels of 295 toxin if RstA-dependent toxin inhibition is removed.
296
Because of the differences observed for toxin levels in the supernatant versus whole cell 297 lysates, we asked whether RstA influenced gene expression of the toxin holin, tcdE, 298 which is purported to play a role in toxin secretion in a strain-dependent manner (8, 29, 299 53). tcdE is the third gene encoded within the PaLoc (tcdR-tcdB-tcdE-tcdA), and its 300 transcription is driven by its own, unmapped promoter (29). Transcript levels of tcdE 301 showed a similar pattern of expression as the other toxin genes, with increased levels in 302 both the 630Δerm rstA and R20291 rstA strains compared to their isogenic parents ( (29) . TcdE 142 also exhibits the greatest holin activity (29). TcdE 166 , the full-length isoform 314 initiated from M1, is not efficiently translated in vivo, and the degeneration of the M1 start 315 codon in the RT078 strains supports the hypothesis that this isoform is not essential for 316 C. difficile toxin secretion. Altogether, these data suggest that even though RstA inhibits 317 tcdE gene expression, RstA does not contribute to the strain-dependent differences 318 observed for TcdE-mediated toxin secretion.
319
In strain 630Δerm, RstA inhibits tcdA and tcdB transcription directly by binding their 320 respective promoters (13). To determine whether RstA inhibits tcdA and tcdB 321 transcription in R20291, alkaline phosphatase reporters were constructed by fusing the 322 promoter regions of these genes to phoZ and integrating the reporters into the 323 chromosomes of R20291 and R20291 rstA. PtcdA::phoZ and PtcdB::phoZ reporter 324 activity was increased approximately 13-and 10-fold, respectively, in the R20291 rstA 325 background ( Fig. 3) , indicating that RstA represses tcdA and tcdB transcription. The 326 σ TcdR -dependent promoters of tcdA and tcdB and the putative RstA binding sites, which 327 overlap the -35 consensus sequences of these promoters, are identical in 630Δerm and 328 R20291, strongly suggesting that RstA directly represses toxin gene transcription 329 similarly in both strains. Additionally, as observed in the qRT-PCR analysis of these 330 same genes (Fig. 2C) , reporter activity from the toxin gene promoter fusions in the R20291 rstA background was highly variable ( Fig. 3) , suggesting that the absence of 332 RstA enhances the variability of tcdR, tcdA, and tcdB transcription (see below).
333
Expression of tcdR is driven by several promoters (Fig. 4A) , one of which requires the 334 motility-specific sigma factor, SigD (54, 55). RstA inhibits sigD gene expression, the 335 fourth gene encoded within the flgB operon, by directly binding to the flgB promoter (13).
336
Interestingly, neither flgB nor sigD transcript levels are significantly altered in the R20291
337
rstA mutant compared to the R20291 parent ( Fig. S3) . SigD activity is slightly greater in 338 the R20291 rstA mutant, as evidenced by increased transcript levels of the SigD-339 dependent gene, fliC, compared to the R20291 parent strain (Fig. S3 ), although this 340 regulatory effect is not statistically significant. Strain 5325 was omitted from this analysis, 341 as its genome is lacking the flagellar genes. Previously, reporter fusions revealed that 342 RstA represses PflgB (630Δerm) and PflgB (R20291) activity ~1.5-fold between the 630Δerm 343 and 630Δerm rstA strains (13). Further, biotin-pulldown assays with 630Δerm lysates 344 showed that RstA directly binds to the R20291 flgB promoter (13). These previous 345 studies were all performed using the 630Δerm background. Our current data 346 demonstrates no significant effect by RstA on motility gene transcription in the R20291 347 background, suggesting that there are significant strain-specific differences in RstA- the phoZ gene in a multi-copy plasmid. We did not include an individual PtcdR(σ D ) (VPI 373 10463) reporter construct, as the 630Δerm and VPI 10463 sequences spanning this region 374 are identical (Fig. 4B) . All of the reporter constructs were expressed in the 630Δerm, 
379
The reporter activity for the full-length tcdR promoters expressed in the 630Δerm 380 background were equivalent, except the full-length PtcdR (R20291) fusion exhibited ~1.7-fold lower activity compared to the others (Fig. 5A) . Interestingly, the activities of the 382 R20291, VPI 10463 and 5325 PtcdR(σ A ) reporters in the 630Δerm background were 383 ~2.4-to 3.6-fold higher than the activity from the PtcdR(σ A ) (630Δerm) fusion (Fig. 5A) ,
384
suggesting that CodY and RstA do not repress basal transcription from these promoters 
388
The reporter activities from the 630Δerm-derived promoter fusions expressed in the rstA 389 deletion mutant were similar to those previously reported (13), with the strongest RstA-390 dependent effects (~3.5 fold) observed for the PtcdR(σ A ) reporter, and ~1.6-to 1.7-fold 391 changes in reporter activity for the full-length and the PtcdR(σ D ) reporters ( 
392
5A and B). The full-length tcdR and PtcdR(σ A ) reporters from R20291, VPI 10463 and 393 5325 and the PtcdR(σ D ) (R20291) reporter showed ~2-3-fold higher activity when expressed 394 in the 630Δerm rstA mutant compared to the parent strain (Table 3; Fig. 5B) . These 
401
To assess the specific repression CodY exerts on tcdR transcription, we compared the 402 activity of the full-length tcdR and the σ A -dependent promoter reporters in 630Δerm and 403 630Δerm codY. Promoter activity from the 630Δerm, R20291 and VPI 10463 full-length 404 PtcdR reporters were similarly elevated in the codY mutant, relative to the parent strain 405 (~30-fold; Table 3 ). However, the PtcdR (5325) reporter exhibited approximately half the activity in the absence of CodY (14-fold change; Table 3 ; Fig. 5C ). Our data suggest 407 that CodY derepression of tcdR expression is weaker in 5325, which corresponds to the 408 greater number of mismatches within the CodY III box of the 5325 sequence (Fig. 4B) .
409
We also observed that activity of the 630Δerm, R20291, VPI 10463 and 5325 PtcdR(σ A ) 410 reporters were similar in the 630Δerm codY mutant (Fig. 5C) . But, the lower activity from 411 the PtcdR(σ A ) (630Δerm) reporter in the 630Δerm background resulted in a 63-fold change in 412 activity when measured in the 630Δerm codY mutant ( 
415
repression results in greater activity from the PtcdR reporters than the absence of RstA 416 ( Fig. 5B versus 5C) . However, as these regulators respond to different cofactors, RstA 417 and CodY repression likely prevents full tcdR transcription unless DNA-binding by both 418 regulators is relieved.
419
RstA autoregulates its transcription in R20291. RstA directly represses its own 420 transcription in 630Δerm by binding to an imperfect inverted repeat that overlaps the -10 421 consensus sequence and start of transcription for the σ A -dependent rstA promoter (13, 422 18; Fig. S4 ). This direct negative autoregulation results in constitutive expression of rstA 423 throughout growth and is typical of the RRNPP family of proteins (18, 56, 57) . Because 424 the rstA mutations we generated were clean deletions and eliminated the ability to detect 425 rstA transcripts ( Fig. S5A and B) , we constructed reporter fusions comprising the 500 bp 426 upstream from the rstA translational start from both 630Δerm and R20291, to test 427 whether RstA represses rstA transcription in the R20291 background ( Fig. S4 ; herein 
430
CD3669, and this region contains three nucleotide substitutions that are located in the R20291 sequence compared to 630Δerm (Fig. S4) . To determine how RstA impacts its 432 own transcription in these two strains, the fusions were integrated into their respective 433 parent and rstA mutant chromosomes, and the PrstA (R20291) ::phoZ reporter was also 434 integrated into the 630Δerm and 630Δerm rstA mutant strains to allow for direct 435 comparisons.
436
After eight hours of growth on 70:30 sporulation agar, we found that promoter activity 437 from the PrstA (630Δerm) ::phoZ reporter was ~1.3-fold greater in the 630Δerm rstA 438 background compared to the parent strain ( Fig. 6) , which correlates with the fold 439 changes seen from the same fusion on a plasmid expressed in 630Δerm and an 440 isogenic rstA::erm mutant (13, 18) . Surprisingly, PrstA (R20291) ::phoZ exhibited identical 441 activity in both the 630Δerm and 630Δerm rstA backgrounds (Fig. 6) , indicating that 442 there are modest sequence-dependent effects influencing expression from the 630Δerm 443 and R20291 rstA promoters. Finally, the PrstA (R20291) ::phoZ reporter exhibited a 444 significant reduction in activity in the R20291 parent background compared to the 445 630Δerm parent background and a ~2.7-fold increase in activity in the rstA mutant 446 compared to the R20291 parent (Fig. 6) . We observed significantly higher rstA transcript 447 levels in the R20291 strain compared to 630Δerm in two different growth media ( Fig.   448   S5A and B) , suggesting that basal expression of rstA is higher in R20291 and may 449 explain some of the strain-dependent differences observed with RstA regulation.
450
Altogether, these data indicate that RstA strongly represses its own expression in the 451 R20291 background and reveal the presence of strain-dependent differences that 452 influence RstA autoregulation.
454
The dual repressive effects of RstA and CodY on PtcdR(σ A )-dependent transcription 504 highlight the importance of tightly regulating toxin production in C. difficile. Nucleotide 505 substitutions within the RstA and CodY consensus sequences resulted in minor 506 differences with PtcdR reporter activity ( Figs. 4 and 5; Table 3 ), but none of the changes (5325) As the nucleotide sequences of the 630Δerm and VPI 10463 tcdR(σ D ) promoters are identical, an individual PtcdR(σ D ) fusion for VPI 10463 was not constructed (ND). The promoterless ::phoZ reporter carried by 630Δerm (MC448) was included as a negative control. Strains were grown in TY medium, pH 7.4, supplemented with 2 µg ml -1 thiamphenicol, and samples assayed for alkaline phosphatase activity were collected at H 24 . The means and standard error of the means of at least three biological replicates are shown. *P < 0.05 using one-way ANOVA followed by Dunnett's multiple comparisons test compared to the PtcdR (630Δerm) -derived promoter within the same set. The activity of each reporter in the 630Δerm rstA background or the 630Δerm codY background compared to 630Δerm, with the exception of the PtcdR(σ D ) (5325) reporter, was statistically significant (P < 0.05) using one-way ANOVA followed by Dunnett's multiple comparisons test (not shown in figure) . 
